Background Hyaluronan (HA) metabolism in skin fibroblasts is mediated by HYBID (hyaluronan binding protein involved in hyaluronan depolymerization, alias CEMIP and KIAA1199) and the HA synthases HAS1 and HAS2. However, photoageing-dependent changes in HA and their molecular mechanisms, and the relationship between HA metabolism and clinical symptoms in photoaged skin remain elusive. Objectives We examined the amount, size and tissue distribution of HA and expression levels of HYBID, HAS1 and HAS2 in photoaged skin, and analysed their relationship with the degree of photoageing. Methods Photoageing-dependent changes of HA were investigated by studying skin biopsies isolated from photoprotected and photoexposed areas of the same donors, and the relationships between HA and photoageing symptoms such as skin wrinkling and sagging were examined. Results Skin biopsy specimens showed that the amount and size of HA are decreased in photoexposed skin compared with photoprotected skin, and this was accompanied by increased expression of HYBID and decreased expression of HAS1 and HAS2. Histologically, HA staining in the papillary dermis was decreased in photoexposed skin, showing reverse correlation with HYBID expression. HYBID expression in the photoexposed skin directly correlated with skin roughness and sagging parameters, and the reduced HA staining in the papillary dermis in the photoexposed skin positively correlated with these symptoms. Conclusions These data demonstrate that imbalance between HYBID-mediated HA degradation and HAS-mediated HA synthesis may contribute to enhanced HA catabolism in photoaged skin, and suggest that HYBID-mediated HA reduction in the papillary dermis is related to skin wrinkling and sagging of photoaged skin.
What's already known about this topic?
• Hyaluronan (HA) is an important determinant of skin homeostasis. HYBID (hyaluronan binding protein involved in hyaluronan depolymerization, alias CEMIP and KIAA1199) and HA synthases (HAS1 and HAS2) play a key role in HA metabolism in skin fibroblasts.
• Major alterations in photoaged skin have been demonstrated in the form of accumulation of abnormal elastin and severe loss of collagens.
• Photoageing-dependent changes of HA and their molecular mechanisms, and the relationship between HA metabolism and clinical symptoms in photoaged skin remain elusive.
What does this study add?
• HA homeostasis becomes unbalanced in photoaged skin through increased HYBIDmediated HA degradation compared with HAS1-and HAS2-mediated HA synthesis.
• Loss of HA in the papillary dermis and HYBID expression levels directly correlated with the degree of skin wrinkling and sagging of photoaged skin.
• These findings suggest that the HYBID-mediated decrease of HA in the papillary dermis seems to contribute to skin wrinkling and sagging in photoaged skin.
What is the translational message?
• Strategies to downregulate HYBID expression or inhibit HYBID-mediated HA degradation in the papillary dermis could provide new remedies to prevent or improve photoageing-dependent skin damage.
Chronic ultraviolet (UV) irradiation disrupts the normal architecture of the skin and promotes photoageing and tumorigenesis of the skin. 1 Photoageing is clinically recognized by fine and coarse wrinkles, sagging, uneven pigmentation, increased fragility and rough skin texture. [2] [3] [4] [5] The deep wrinkles and sagging in photoexposed areas such as the face are an important issue in cosmetic science and dermatology. Histological and biochemical studies on photoaged skin have shown that major alterations are disorganized and damaged collagen fibres and massive accumulation of aberrant elastic materials in the dermis, referred to as solar elastosis. [3] [4] [5] Hyaluronan (HA) is a high-molecular-weight nonsulfated glycosaminoglycan, and an essential component of the skin. It is distributed in the interstitium of the dermis, and contributes to hydration of the skin and regulation of cell proliferation and migration in the dermis. 6 However, alterations of HA during photoageing are controversial. Some authors have reported that the ratio of HA to dermatan sulfate is decreased, 7 while others have described an increase in lower-molecularweight HA per total glycosaminoglycans. 8 A histological study of photoexposed skin showed that HA is deposited almost exclusively on abnormal elastotic materials, 9 but another study indicated that HA is faint in regions of solar elastosis.
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HA is synthesized by HA synthases (HASs). 11 Our previous studies have demonstrated that HAS1 and HAS2 play a key role in HA production in human normal skin fibroblasts. 12 Although two hyaluronidases, HYAL1 and HYAL2, and the cell-surface HA receptor CD44 were reportedly involved in HA degradation at local tissues, 13, 14 we have recently demonstrated that HYBID (hyaluronan-binding protein involved in hyaluronan depolymerization; also known as CEMIP -cell migration-inducing hyaluronan-binding protein -and KIAA1199) plays an essential role in HA degradation in human skin fibroblasts independently of HYAL1, HYAL2 and CD44. 15, 16 However, little information is available on photoageing-dependent changes in the amount, size and tissue distribution of HA, and the molecular mechanisms explaining the alterations of HA remain elusive. In addition, the relationship between HA metabolism and clinical symptoms in photoaged skin has not been studied.
In the present study, we investigated photoageing-dependent changes of HA by studying skin biopsies isolated from photoprotected and photoexposed areas of the same donors, and examined the relationship between HA and photoageing symptoms such as skin wrinkling and sagging. We found that amount and size of HA are decreased in photoaged skin, particularly in the papillary dermis, which could be attributed to enhanced HYBID expression. In addition, the decrease in HA content in the papillary dermis and the HYBID expression levels directly correlated with the degree of skin wrinkling and sagging of photoaged skin. Our data suggest that overexpression of HYBID and loss of HA in the papillary dermis are implicated in the formation of wrinkling and sagging in photoaged skin.
Materials and methods

Human tissue samples
Skin tissues were obtained by punch biopsy from both the inner forearm (photoprotected area) and the outer corner of the eye (photoexposed area) of 10 female volunteers (age range 65-72 years, mean 69Á1) at Yaesu Nihonbashi Skin Clinic (Tokyo, Japan). The skin tissue collection was approved by the institutional review board of Tokyo-Eki Centre Building Clinic (Tokyo, Japan) and informed consent was obtained from all of the volunteers before surgery.
Determination of photoageing stage
Decorin and Elastica van Gieson staining were carried out on frozen skin sections according to previously reported methods. 17 Photoageing stages were determined blindly, and classified from stage 1 (the slightest damage) to stage 6 (the most serious damage). 17 
Measurement of hyaluronan content in skin tissues
Total glycosaminoglycans were extracted from the skin tissues according to the methods described previously. 18 HA content was determined using a QnE Hyaluronic Acid enzyme-linked immunosorbent assay (ELISA) (Biotech Trading Partners, Encinitas, CA, U.S.A.).
Determination of hyaluronan molecular-weight distribution
The molecular weight of HA samples was determined by Shodex OHpak SB-807 HQ (Showa Denko, Tokyo, Japan). Fractions of 0Á5 mL were collected, and the HA content was measured as mentioned above. The column was calibrated with HA species: sodium HA H2 (2500 kDa), M2 (1000 kDa) and L2 (150 kDa), all of which were purchased from PG Research (Tokyo, Japan). The values of kurtosis and skewness of HA molecular-weight distribution profile were determined using Microsoft Excel software.
Quantitative real-time polymerase chain reaction RNA extraction, cDNA synthesis and a TaqMan real-time polymerase chain reaction assay were performed as described previously. 16 The relative quantification values of HYBID, HAS1, HAS2, HYAL1, HYAL2, CD44 and TGFBR2 were normalized to endogenous 18S rRNA.
Hyaluronan staining and quantification
HA staining was performed on frozen skin sections by the HA-binding protein-staining method as described previously. 18 Colour was developed by reaction with the Vector VIP kit (Vector Laboratories Inc., Burlingame, CA, U.S.A.). For quantification of staining areas, the digital colour image of HA staining was analysed using a modified algorithm. 19 Red-green-blue (RGB) images (24 bit) were captured using an Axioplan 2 imaging microscope (Carl Zeiss, Oberkochen, Germany) at 9 200 magnification. Region extraction of HA staining from the captured RGB images using thresholding was performed as follows. The captured RGB images were transformed into chroma images, and the histograms were made using chroma at all pixels of negative controls and strongly VIP-positive images. A threshold value was determined to maximize the distance between two histograms. A pixel with a chroma value greater than a fixed threshold was defined as HA staining. The percentage of HA staining in an area was calculated from all pixels. Quantification of four randomly selected areas (0Á02 mm 2 ) was performed in each skin sample.
Measurement of skin roughness
Skin roughness was quantitatively evaluated using skin replicas. 20 Using Silflo â (Flexico Developments Ltd, Radlett, U.K.), replicas were obtained from the patient at the outer corner of the eye. The skin surface image of each replica was captured and then analysed using the linear analysing function of the three-dimensional image analyser Primos (LMI Technologies GmbH, Teltow, Germany). As a roughness parameter, the maximum roughness (R max ) was determined.
Measurement of skin sagging
Measurement of skin sagging was performed by making marks on the face of the patient and taking photographs in both supine and sitting positions as described previously. 21 Briefly, only the direction of gravity, which is parallel to the median line linking the intercilium (S, standard points) and the forehead points, was used to evaluate the degree of skin sagging. Distances between marked points in each position (A in a supine position and B in a sitting position) and the horizontal line from the standard points (S) were evaluated by ImageJ software (National Institutes of Health, Bethesda, MD, U.S.A.) as the skin sagging index.
Statistics
Statistical significance was assessed by paired Student's t-test, ANOVA and Dunnett's test. The Wilcoxon test was used to compare photoageing stages. All correlations were examined by Pearson's correlation coefficient analysis using EXSUS version 8.0.0 (CAC EXICARE Corporation, Tokyo, Japan). A probability of P < 0Á05 was considered significant.
Results
Decreases in the amount and size of hyaluronan in photoexposed skin
In order to investigate photoageing-dependent alterations in HA and its metabolism, biopsy specimens were obtained from photoprotected (the inner part of the forearm) and photoexposed (the outer corner of the eye) skin of the same individuals. Photoageing stages of the skin were determined according to an objective histological scale based on the morphological or histological change in elastic fibres and collagen fibres, the latter of which was evaluated by immunostaining of decorin, a marker for quantitative change in collagen fibres. 17 As shown in Figure 1 (a, b) and Figures S1
and S2 (see Supporting Information), we showed that the photoageing stage was significantly higher in the photoexposed skin than in the photoprotected skin, confirming that photoageing is progressed in the skin at the outer corner of the eye due to chronic sun exposure. We also isolated total glycosaminoglycans from the skin specimens, and determined the amount of HA per unit area (mm 2 ), and per unit weight (mg) of both wet and dry tissue.
As shown in Figure 1(c) , the amount of HA was significantly decreased in the photoexposed skin samples compared with the photoprotected samples. Because the great majority of HA is localized in the dermis, 22 the data were considered to reflect the changes in dermal HA. We then analysed the molecular-weight distribution of HA by size-exclusion chromatography, and found that the peak of HA molecular weight from the photoprotected skin (n = 10) was 1840 kDa, whereas it was 980 kDa in photoexposed skin (n = 10) (Fig. 1d) . When kurtosis and skewness of the molecular-weight distribution patterns of each HA sample were examined ( Fig. S3a ; see Supporting Information), the mean kurtosis of HA size distributions from the photoprotected skin was significantly higher than that from the photoexposed skin (Fig. S3b) , and the mean skewness was also significantly higher in the photoprotected skin than in the photoexposed skin (Fig. S3c) . These data indicate that the HA size distributions of the photoexposed skin are flatter and shifted to lower-molecular-weight forms of HA compared with the photoprotected skin, and suggest that the amount and molecular weight of HA are decreased in photoaged skin. mixed. Molecular weights were determined by size-exclusion chromatography. *P < 0Á05, **P < 0Á01, ***P < 0Á001.
Correlations of decreased hyaluronan in papillary dermis of photoexposed skin with clinical photoageing symptoms
We next examined the correlations of HA amount (HA per unit area, and per unit weight of both wet and dry tissue) and size distribution (kurtosis and skewness) with skin wrinkling and sagging. The R max value, an objective roughness parameter for quantification of facial wrinkles, 20 was determined prior to biopsy by evaluating skin roughness using skin replicas and the optical three-dimensional skin measuring system Primos (Fig. 2a) . The skin sagging index 21 was also measured, in the outer corner of the eye, by measuring gravity-induced sagged skin length (Fig. 2b) . The R max values and sagging indices of the 10 patients ranged from 100Á0 to 706Á4 and from 0Á064 to 0Á714, respectively (data not shown). When the data were compared with the amount and size distribution of HA, there was no significant correlation in either case (data not shown). Thus, we further examined the histological localization of HA in the dermis by HA staining using HA-binding protein. As shown in Figure 2 (c) and Figure S4 (see Supporting Information), strong HA staining in the photoprotected skin was observed in the superficial dermis with a depth of up to approximately 200 lm, which corresponds to the papillary dermis. On the other hand, a pronounced reduction of HA from the papillary dermis was found in the photoexposed skin (Fig. 2c and  Fig. S4 ). Densitometric image analysis of HA staining within the 200-lm area just below the dermoepidermal junction indicated that the average intensity in the photoexposed skin was significantly decreased compared with that in the photoprotected skin (Fig. 2d) . When HA staining in the papillary dermis was compared with skin wrinkling and sagging, the degree of HA staining was reversely correlated with R max (Fig. 2e) and the sagging index (Fig. 2f) . These results suggest that local reduction of HA in the papillary dermis may be linked to formation of skin wrinkling and sagging in photoaged skin.
Correlations of enhanced expression of HYBID in photoexposed skin with hyaluronan levels in papillary dermis and photoageing skin symptoms As HA is synthesized by the action of HAS1 and HAS2, 12 and the molecular size of HA is determined by depolymerization of newly produced high-molecular-weight HA in skin fibroblasts, 16 we examined the mRNA expression levels of HAS1, HAS2 and HYBID in photoprotected and photoexposed skin. As shown in Figure 3 , HAS1 and HAS2 expression was significantly lower in the photoexposed skin than in the photoprotected skin (Fig. 3a, b) and HYBID expression was significantly increased in the photoexposed skin (Fig. 3c) . As expression of the HAS1, HAS2 and HYBID genes is regulated by the transforming growth factor (TGF)-b1-TGF-b receptor 2 (TGFBR2) axis, 16 we examined the TGFBR2 expression level and found it to be significantly lower in the photoexposed skin than in the photoprotected skin ( Fig. S5 ; see Supporting Information).
To assess further the contribution of decreased HAS1 and HAS2 and elevated HYBID expression to HA reduction in the papillary dermis of the photoexposed skin, we examined correlations of HA staining in the photoexposed skin with the expression levels of HAS1, HAS2 and HYBID. As shown in Figure 3(d-f) , the expression of HYBID reversely correlated with HA staining, although the expression of HAS1 and HAS2 showed no significant correlation with HA staining. Therefore, HYBID-mediated HA degradation seems to account mainly for the reduction of HA in the papillary dermis of photoexposed skin.
We also examined the relationship between HYBID expression and the degree of skin wrinkling or sagging, and found that HYBID expression is positively correlated with R max value (Fig. 4a) and sagging index (Fig. 4b) . In addition, we determined the expression levels of HYAL1, HYAL2 and CD44 in the photoprotected and photoexposed skin ( Fig. S6a-c ; see Supporting Information), and examined their correlations with HA staining in the papillary dermis of the photoexposed skin, R max value and sagging index ( Fig. S6d-l) . However, there were no significant correlations among them. Taken together, these data suggest that enhanced HA degradation induced by upregulated HYBID is likely to be responsible for HA reduction in the papillary dermis of photoaged skin, which may contribute to the photoageing symptoms such as skin wrinkling and sagging.
Discussion
Photoaged skin is well known for displaying prominent alterations in the reticular dermis, showing accumulation of abnormal elastin and severe loss of interstitial collagens. [2] [3] [4] 20, 23 On the other hand, conflicting data have been reported about HA in photoaged skin. [7] [8] [9] [10] In the present study, we have demonstrated that the amount and molecular weight of HA are significantly lower in photoexposed skin than in photoprotected skin, and we have shown histologically that HA in the papillary dermis is reduced together with a decreased amount of collagen fibres and accumulation of aberrant elastic fibres. As HA and proteoglycans such as versican form mutually stabilized network structures and they tightly interact with collagen and elastic fibres within tissues, 10 these fibrillary components are generally resistant to attacks by proteinases such as matrix metalloproteinases (MMPs) prior to the degradation of their associated components. 24 Therefore, enhanced degradation and depletion of HA by the action of HYBID may trigger the destruction of the HA-versican and collagen-proteoglycan network structures by MMPs in photoaged skin. Pathological changes of dermal fibrillary components are thought to act as wrinkle-and sagging-forming factors, although the detailed molecular mechanisms remain to be clarified. [2] [3] [4] 20, 23 In the present study, we have provided evidence that HA reduction from the papillary dermis significantly correlates with R max and sagging. The mechanism of the effect of reduced HA on skin wrinkling and sagging remains unknown. However, as the water-attracting property of HA produces a swelling pressure in the extracellular matrix, regulates ion flow and stabilizes skin structure, 25, 26 a decrease in HA level in the papillary dermis may contribute to reduced water binding and its viscosity and turgidity. In addition, decreased HA interaction with collagen and elastic fibres in the papillary dermis may weaken the recoil capacity and tensile strength of these fibres. Therefore, it is plausible to think that not only alterations of collagen and elastic fibres but also reduction of HA from the papillary dermis are involved in wrinkling and sagging. We have demonstrated the reverse correlation of HA staining with HYBID expression and reduced expression of TGFBR2 in photoexposed skin. The TGF-b1-TGFBR2 axis plays a key role in downregulation of HYBID and upregulation of HAS1 and HAS2 expression in cultured skin fibroblasts, 12, 15, 16 and lower expression of TGFBR2 is known to lead to decreased expression of type I collagen and elevated MMP-1 expression in photodamaged skin. 27 Therefore, impaired TGF-b1 signalling due to the reduction of TGFBR2 expression may, at least in part, contribute to elevated HYBID and reduced HAS1 and HAS2 expression in photoaged skin. UV radiation is classified into UVA (320-400 nm), UVB (280-320 nm) and UVC (200-280 nm). Of these, UVA rays can penetrate to the depth of the reticular dermis, and around 5% of UVB radiation is thought to reach the papillary dermis. 17 As TGFBR2 expression is downregulated by treatment with UVA and UVB in vitro, 28 chronic exposure of UVA and UVB to the skin may cause local reduction of TGFBR2 expression, resulting in aberrant HA metabolism and reduction of HA in the papillary dermis. On the other hand, histamine is well known to upregulate HYBID expression in skin fibroblasts, 15 and mast cells, a major source of histamine, are increased in photoaged skin. 29, 30 Reduction of HA in the papillary dermis is also observed in skin tissues obtained from diabetic patients with limited joint mobility 31 and patients with keloids. 32 In both conditions, histamine levels are reported to be elevated. 33, 34 Therefore, histamine may be another candidate factor to explain the accelerated catabolism of HA by HYBID in photoaged skin. One of the potential limitations in the present study is that we obtained the data by comparing the expression levels in the outer corner of the eye as photoexposed skin, and the inner forearm as photoprotected skin; we did this because the photoageing stage of the photoexposed skin was similar among the samples examined. However, skin has differences in structure such as the thickness of the epidermis and dermis and the development of pilosebaceous glands depending on the anatomical location, and little is known about the amount of HA or HYBID expression levels in skin from different anatomical sites. Thus, further study on whether HYBID expression and HA production depend on the anatomical location of the skin is warranted.
The biological function of HA is dependent on its molecular size. Low-molecular-weight HA fragments are potently proinflammatory and proangiogenic 35, 36 and promote cell migration, 37 whereas high-molecular-weight HA is antiinflammatory and antiangiogenic. 38 Therefore, HYBIDmediated production of HA fragments may be involved in angiogenesis and chronic inflammatory cell infiltration, which are commonly observed in photoaged skin and may aggravate skin damage. 39 Importantly, the half-life of HA is only 1-1Á5 days, 40 whereas elastic fibres and collagen fibres have half-lives of years. 41 Thus, strategies to downregulate HYBID expression or inhibit HYBID-mediated HA degradation in the papillary dermis could provide efficient new remedies to prevent or improve photoageing-dependent skin damages.
